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Previous studies of mitochondrial DNA (mtDNA) in Europe and the Near East have suggested that, in contrast
with classical markers and the Y chromosome, mtDNA does not exhibit significant geographical structuring. Here,
we show that, with a sufficiently large sample size and a better resolved mtDNA tree, clades of mtDNA do indeed
exhibit gradients similar to those of other marker systems. However, themore detailed analyses afforded bymolecular
sequence data suggest that the explanations for these gradients are likely to be much more complex than those
proposed for classical markers.
In comparison with the gradients exhibited by classical
markers (Menozzi et al. 1978; Ammerman and Cavalli-
Sforza 1984; Sokal et al. 1989, 1991; Cavalli-Sforza et
al. 1994), spatial analyses have hitherto been unable to
detect much in the way of significant geographic struc-
turing of the mtDNA landscape of Europe and the Near
East. A principal-component (PC) analysis of hypervar-
iable segment I (HVS-I) by Cavalli-Sforza and Minch
(1997) indicated that the main pattern was a shallow
east-west gradient that accounted for only 23% of the
variation. Another investigation measured spatial auto-
correlation and described only a weak gradient along
the northern Mediterranean coast (Simoni et al. 2000).
Unfortunately, this study was affected by extensive hap-
logroup misassignment of the HVS-I sequences (Torroni
et al. 2000). Overall, these analyses led to suggestions
that mtDNA may be too adversely affected by selection
to be a suitable demographic marker system or that
female gene flow had been too high within Europe for
mtDNA alone to be informative for demographic history
(Barbujani and Chikhi 2000).
However, the possibility should be considered that
these results may have been due to lack of sufficient data
for this kind of analysis, rather than to some quirk of
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the marker system itself. In support of this suggestion,
some recent studies, using larger sample sets and/or
slightly higher phylogenetic resolution, have (despite
being limited in geographical scope) begun to yield
better geographical resolution within Europe. Using
data mainly from northern and western Europe, Hel-
gason et al. (2001) showed that northwestern, central,
western, and northeastern European populations could
be separated by multidimensional scaling. In a compar-
ison of three genetic marker systems,Wilson et al. (2001)
showed that northwestern Europeans could be clearly
distinguished from both Basques and Near Easterners
on the basis of both mtDNA and X chromosome micro-
satellites. In contrast, Y chromosome markers showed a
different pattern, in which western European popula-
tions clustered together, distinct from both Scandinavi-
ans on the one hand and Near Easterners on the other.
We have performed a PC analysis of a large and well-
characterized data set comprising 3,113 European, 208
North Caucasian, and 1,234 Near Eastern mtDNAs
(Lutz et al. 1998; Pfeiffer et al. 1999; Richards et al.
2000). We have divided the European data into regional
zones, along the lines of Gamble (1986, 1999) but fur-
ther distinguishing Scandinavia, while excluding Saami
as extreme outliers. The geographical subdivisions and
numbers of samples used from each region are shown
in figure 1A.
We have analyzed the data on the basis of the fre-
quencies of the principal mtDNA haplogroups: H, pre-
V (Torroni et al. 2001), HV1, HV* (which may be par-
aphyletic), (pre-HV)1 (a clade within pre-HV [Richards
Figure 1 Regional map of Europe (modified from Gamble 1999, after Gamble 1986). A, Sample sizes for mtDNA data sets analyzed. B,
Sample sizes for Y chromosome data sets analyzed. Note that, in the scheme we have used, Basques are the sole representatives of southwestern
Europe; samples from France are grouped with northwestern Europe, and those from Galicia are grouped with the western Mediterranean.
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Figure 2 Region-based PC analysis of mtDNA haplogroup profiles in Europe and the Near East (excluded are haplogroups L1, L2,
subclades of L3 with a sub-Saharan African origin, M, and U6). Med p Mediterranean.
et al. 2000, p. 1254]), K, U1, U2, U3, U4, U5, U7, J,
T1, T* (which likely coincides with T2 as defined by
Finnila¨ et al. [2001]), N1b, I, W, and X. In some anal-
yses, we also included haplogroups of African prove-
nance (L1, L2, particular subclades of L3, M1, and U6).
Haplogroup assignment was based primarily on a phy-
logenetic-network analysis of HVS-I sequences, which
allowed for the possibility that reversion mutations par-
tially eliminated HVS-I motifs in certain cases (Richards
et al. 2000). Whenever HVS-I sequences were ambigu-
ous (within haplogroups H, HV, (pre-HV)1, and U), the
assignment was complemented by targeted restriction
typing of diagnostic coding-region variants. Further de-
tails on haplogroup assignment and phylogenetic trees
indicating the relationships between the principal hap-
logroups can be found elsewhere (Richards et al. 1998;
Macaulay et al. 1999; Richards and Macaulay 2000).
The proportion pij of the ith haplogroup in the jth pop-
ulation/geographical region was estimated. This matrix
was submitted to a PC analysis after the following trans-
formation: (where, for each i,1/2p r (p  P)/[P(1 P)]ij ij i i i
Pi is the mean of pij across populations). This aims to
standardize against the different effect of genetic drift on
alleles (haplogroups) of different frequencies (although it
takes no account of the different ages of alleles).
In an analysis that encompasses all of these haplo-
groups, including those of African origin, the first PC is
primarily east-west, separating Europeans from Near
Easterners, and it accounts for 46% of the variation (PC
map not shown). The second PC (17%) is approximately
north-south, dominated by the extent of penetration of
the African haplogroups into Europe and the Near East.
This is likely to be the result of relatively recent gene
flow affecting principally Iberia and the Levant.
We next explored the effects of excluding the African
haplogroups from the analysis. When this is done, the
first PC increases to 51% of the variation and again
separates Europe from the Near East (fig. 2). Iraq falls
at one pole, southwestern Europe (the Basque country)
at the other. The North Caucasus falls within the Near
Eastern groups. This component thus provides us with
a strong geographical pattern, which is indeed approx-
imately southeast-northwest, as one might expect from
the pattern of classical markers (Cavalli-Sforza et al.
1994). The Near Easterners form a clear group, distinct
from Europeans. The central and easternMediterranean
populations of Europe, along with southeastern Europe,
although positioned more closely to the other European
populations, also show affinities with the Near East, but
western Mediterranean Europe clusters with central and
northern Europe. The second PC accounts for only 11%
of the variation and appears to be determined by vari-
ation within the Near East and the Caucasus, among
which populations cluster the European samples.
The main haplogroups contributing to the first PC are
H, pre-V, and U5, concentrated at the European pole;
the rather minor haplogroups (pre-HV)1 and U1 are
concentrated at the Near Eastern pole (fig. 3). Haplo-
group H is the most frequent haplogroup in both Europe
and the Near East but occurs at frequencies of only
∼25%–30% in the Near East and the Caucasus, whereas
the frequency is generally ∼50% in European popula-
tions and reaches a maximum of ∼60% in the Basque
country. Haplogroups (pre-HV)1 and U1 are predomi-
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Figure 3 Plot of the contribution of each haplogroup to the first and second PC in the analysis of figure 2
nantly Near Eastern, with some (probably recent) gene
flow along the Mediterranean, and haplogroups U5 and
pre-V are predominantly European.
The southeast-northwest clines in classical marker fre-
quencies have been interpreted, by comparison with ra-
diocarbon evidence, as representing a substantial demic
diffusion of Near Eastern farming communities into Eu-
rope in the early Neolithic period (Sokal et al. 1991;
Cavalli-Sforza et al. 1994). However, the pattern in
mtDNA haplogroup frequencies that we see here indi-
cates similarity between Europeans and Near Easterners
primarily in southeastern Europe and along the Medi-
terranean, whereas archaeological evidence would point
to the main expansion of agriculture being into central
Europe (Bogucki 2000; Price 2000). Thus, it seems
rather unlikely that the pattern in mtDNA haplogroup
frequencies could have been generated mainly by a Neo-
lithic expansion.
A well-resolved Y chromosome gene tree now exists
and can be found, along with all of the main haplogroup
nomenclatures that have been proposed, in the recent
article by the Y Chromosome Consortium (2002). Y
chromosomemarkers also show continentwide gradients
(Semino et al. 1996; Cavalli-Sforza and Minch 1997;
Casalotti et al. 1999). This evidence has also been taken
as supporting the demic diffusion of farmers (Semino et
al. 1996; Cavalli-Sforza and Minch 1997; Hill et al.
2000; Rosser et al. 2000; Semino et al. 2000). However,
attempts to quantify the contribution of the newcomers
to the present day Y chromosome pool have suggested
an overall value of only ∼22% (Semino et al. 2000).
We analyzed the Y chromosome data of Semino et al.
(2000), using a PC approach that was more compa-
rable to our mtDNA haplogroup analysis, by group-
ing the Y chromosome lineages phylogenetically into
major haplogroups and geographically into the larger
continental regions used above (excluding the Saami, as
with the mtDNA analysis). These data comprise 983
samples typed for 40 binary markers. The geographical
distribution of the samples, again organized by reference
to Gamble’s geographical regions, is shown in figure 1B.
The results are shown in figure 4 and concur broadly
with the patterns identified by Semino et al. (2000). The
first PC accounts for 49% of the variation and is ap-
proximately east-west within Europe, but the Near East
and eastern Mediterranean Europe cluster with central
Europe. This gradient is accounted for largely by par-
agroup R* (nomenclature of the Y Chromosome Con-
sortium [2002]), formerly haplogroup 1 (Jobling and
Tyler-Smith 2000) in the west and by haplogroups R1a
(formerly haplogroup 3) and N3 (formerly Tat) in the
east (fig. 5). In agreement with the suggestion proposed
to explain the distribution of mtDNA haplogroup V
(Torroni et al. 1998, 2001), the distributions of Y chro-
mosome groups R* and R1a have been interpreted by
Semino et al. (2000) to be the result of postglacial ex-
pansions from refugia within Europe.
The second PC of Y chromosome variation accounts
for 26% of the variation, and it clusters most European
regions at one pole while grouping the Near East at the
other, with eastern Mediterranean and central Mediter-
ranean Europe between the two poles. The main con-
tributors to the gradients are haplogroups E and J (for-
merly haplogroups 21 and 9, both of which are frequent
in the Near East) and, again, R* and N3 (both of which
are more frequent in Europe). This points to gene flow
from the Near East, as suggested by both Cavalli-Sforza
et al. (1994) and Semino et al. (2000). Haplogroup J in
Europe is interpreted more specifically by Semino et al.
(2000) as the result of Neolithic dispersal. Curiously,
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Figure 4 Region-based PC analysis of Y chromosome biallelic marker data (Semino et al. 2000), grouped into major haplogroups (Y
Chromosome Consortium 2002). Med p Mediterranean.
however, haplogroups E and J are again most frequent
along the Mediterranean coastline and rapidly dwindle
as one moves into central Europe, where the archaeo-
logical record tells us the main farming expansion took
place.
Founder analysis of mtDNA in Europe (Richards et
al. 2000) can suggest a possible explanation for this
pattern: it might be due, at least in part, to substantial
recent (post-Neolithic) gene flow, rather than solely to
Neolithic expansion. This mtDNA founder analysis,
based on the comparison of matching sequence types
(within haplogroups) between Europe and the Near
East, suggested that there is no one-to-one correlation
between migrations and major clades. The analysis for
eastern Mediterranean Europe indicated a very high fre-
quency (∼20%) of recent gene flow, as compared with
only ∼10% Neolithic input. It would be necessary to
perform a similar founder analysis (using, for example,
a large panel of fast-evolving microsatellites) to see
whether a proportion of the putative Y chromosome
Neolithic types in Europe are actually of more recent
origin. However, it is suggestive that the frequency of Y
chromosome haplogroup E, which Semino et al. (2000)
have inferred to be Neolithic, appears at particularly
high levels in the western Mediterranean in the more
extensive sample of Rosser et al. (2000) (fig. 3E). As
Rosser et al. suggest, this may imply gene flow mainly
fromNorth Africa (where haplogroup E reaches its high-
est frequency), rather than mainly from the Near East,
because, judging from archaeological evidence, the de-
velopment of agriculture in Iberia is likely to have been
largely indigenous (Zilha˜o 2000).
The mtDNA founder analysis can also be drawn upon
to gloss the PC analysis further. The founder analysis
suggested that the main Neolithic founder haplotypes
were members of mtDNA haplogroups J, T1, and U3.
None of these haplogroups contribute substantially to
the first PC of mtDNAs in Europe. Rather, the first
PC is mainly shaped by haplogroups H, pre-V, and
U5, which the founder analysis suggests either originated
in Europe or spread into Europe during the Upper Pa-
leolithic period. The haplogroup (pre-HV)1, by contrast,
may have spread along the Mediterranean either during
the Neolithic period or in more recent times or both.
Thus, we seem to be witnessing, in the mtDNA data
(and perhaps in the autosomal and Y chromosome data
as well), the results of a palimpsest of processes, some
possibly more recent than the Neolithic period and some
much more ancient.
PC analysis is a useful way of visualizing high-di-
mensional data by means of projection. In this case,
we have shown that, contrary to earlier suggestions,
there is significant geographical structuring between
different regions of Europe. Moreover, it is very likely
that such a geographical structuring could be further
improved by increasing the level of molecular resolution
(e.g., by detecting and screening for diagnostic markers
that allow the phylogenetic dissection of major haplo-
groups into geographically more restricted subhaplo-
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Figure 5 Plot of the contribution of each haplogroup to the first and second PC in the analysis of figure 4
groups). A finer haplogrouping, however, requires larger
sample sizes to yield robust results.
The visualization of high-dimensional data by means
of projection should not, in itself, serve as an inference
tool. Our PC analysis does, however, suggest targets for
further study. For instance, the grouping together of cen-
tral and eastern Mediterranean populations spotlights
the role of gene flow along the Mediterranean at various
times. PC analysis, even of a single-marker system such
as mtDNA or the Y chromosome, therefore has a part
to play in exploratory data analysis. What is crucial,
however, as with the interpretation of all summary sta-
tistics, is a subsequent evaluation of how a pattern has
been generated in the data or, on the other hand, why
a pattern has not been generated. Such an evaluation
can then lead to further studies. As Clark (2000) has
suggested, this kind of analysis “sets the agenda for fu-
ture research, rather than constituting a set of conclu-
sions that can stand or fall on their own merits.”
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